[1] This work shows the results of a structural study of the faults observed at the Tempe Rift (northeastern Tharsis region), Mars. A new, detailed map of faults and fault systems was used to geometrically characterize the fracture architecture of the Tempe Rift and to measure fault length, displacement, and spacing data, to analyze the spatial distribution of fault centroids, and to investigate the fractal nature of fault trace maps. A comparison with analog models and the use of conventional techniques of fault population analysis show that the Tempe Rift was most probably generated under sinistral oblique-rifting processes, which highlights the importance of the presence of inherited fractures in the tectonic evolution of the Noachian crust. The angle between the extension direction and the rift axis varies along the Tempe Rift, ranging from 50°-60°at its central southern part to 66°-88°to the southwest. Fault scaling relationships are similar to those found at midocean ridges on Earth with exponential fault length-frequency distributions. Localized, inhomogeneous deformation generated weakly interacting faults, spanning the entire thickness of the mechanical layer. This thickness decreased from southwest to northeast along the rift, along with distance from the central part of the Tharsis dome.
Introduction
[2] From the pioneer works of Carr [1974] , Wise et al. [1979] , and Melosh [1980] , tectonic structures on the Tharsis dome have been extensively studied. Some highlights of this intense scrutiny are the identification of several episodes of tectonism [Plescia and Saunders, 1982] , the publishing of Tharsis paleotectonic maps [Scott and Dohm, 1990] , the mapping of stress fields [Tanaka et al., 1991] , the hypothesis of nonhydrostatical stresses to account for the contractive deformation [Watters, 1993] , countered by Banerdt and Golombek [2000] , who attributed the deformation to flexure alone, the tentative reconstruction of tectonic stages by Anderson et al. [2001] , and the in-depth regional studies of Hauber and Kronberg [2001] at Tempe Fossae, Cailleau et al. [2003] at Alba Patera, Wilkins and Schultz [2003] at Valles Marineris, or Borraccini et al. [2005] at Ceraunius Fossae.
[3] Scarce evidence for strike-slip faulting on Mars has been found to date [e.g., Ferrill et al., 2004] . As exceptions to this point of view we could cite Forsythe and Zimbelman [1988] , and Schultz [1989] , who respectively defined strikeslip fault systems at two Tharsis areas, at 5°N 145°W and 23°S 55°W. Anguita et al. [2001] characterized another fifteen sets of transcurrent structures, which they dated as Late Noachian-Early Hesperian, and whose origin they suggested to be the result of a period of lithosphere mobility. Similarly, a number of studies (e.g., those of Watters [1991 Watters [ , 1993 , Maxwell [1983, 1986] , Schultz and Tanaka [1994] , Anderson et al. [1999] , Mangold et al. [2000] , and Mueller and Golombek [2004] ) dealt with the clearly compressional wrinkle ridges. Recently, Anguita et al. [2006] have studied the Thaumasia Plateau, the high area south of Valles Marineris, which they propose to be a lithospheric unit thrusted southward. This tectonic transport would explain a number of important transcurrent and thrusting structures, including some rhomb-horst alignments indicative of local transpressional tectonics. On the other side, Borraccini et al. [2005] concluded that a significant horizontal crustal motion was needed to explain Ceraunius Fossae, a set of graben near the Tharsis center. The contrast between ''load'' and ''thrust'' hypotheses has been increasing as the investigations on Tharsis' structure accumulated. In this context, to define a set of fractures of regional importance as purely extensional or implying a component of strike-slip displacement is surely important when selecting models for the tectonic evolution of the Martian western hemisphere.
[4] The aim of this work is to put forward a detailed examination of fault systems in Tempe Fossae, north of the Tharsis dome. Many previous structural studies dealt with the characteristics and structural evolution of faults in this interesting zone [e.g., Anderson et al., 2001; Hauber and Kronberg, 2001; Wilkins et al., 2002] . However, our analysis focuses on one particular faulting episode (described as Tempe Rift by Hauber and Kronberg [1999] ), and gives an exhaustive description of the fault geometry and scaling properties of this fracturing episode. In the following, we will try to prove that the Tempe Rift is a fine Martian analog for an oblique rifting structure, in which case the whole fault set would be partly transcurrent, instead of simply extensional. This solution is also supported by the analysis of one of the set of faults performed by Anguita et al. [2001] at Labeatis Fossae (30°N 75°W), a shorter (700 km) and nearby ($200 km) fault set which is parallel to Tempe Fossae and shows clear evidence of strike-slip movement. Our detailed study has allowed us to show for the first time the oblique nature of the rifting process in Tempe, a case rarely described on planets apart from Earth. Clearly, an evaluation of the relative importance of strike-slip components of faulting in the kinematics of the Martian lithosphere is necessary before a coherent model of Mars global tectonics could emerge.
Geological Setting
[5] Tempe Fossae is a set of faults 2,000 km long located at Tharsis northeastern sector. The structures are mostly mapped as ''Older Fractured Material (Nf)'' by Scott and Tanaka [1986] , and are embayed by the Hesperian stratigraphic units Htm (''Tempe Terra Formation, Middle Member''), Htu (''Tempe Terra Formation, Upper Member''), Ht 2 (''Member 2 of Tharsis Montes Formation''), Hr (''Ridged Plains Material''); and V (volcanics of unknown relative age), among others (Figures 1 and 2 ).
[6] Tempe Fossae has been the subject of several previous works: Watters and Janes [1995] suggested that the curved outline of its southern sector ( Figure 2 ) was due to the presence of a corona similar to the Venusian ones. Hauber and Kronberg [1999] distinguished four faulting stages affecting the Tempe Fossae region, of which the fourth and most recent stage (the Tempe Rift) corresponds to that studied in our work. Hauber and Kronberg [2001] concluded that the similarities in size, amount of extension, and volcanic activity (which they related to a mantle plume) of the Tempe Rift were similar to those of the Kenya Rift; and, on the basis of specific crater counting, they proposed for the structures a minimum age of 3.5 Gy. This agrees with the Noachian age assigned by Anderson et al. [2001] to Figure 1 . Geological sketch of part of the Tempe Fossae region, including the area studied in this work (modified from Scott and Tanaka [1986] Wilkins et al. [2002] hypothesized on the contrary that the distinct fault sets of Tempe Terra have been active from Noachian through Amazonian times, though with a much slower deformation rate than terrestrial rifts. Nevertheless, Wilkins et al. [2002] considered the Tempe Rift fault system as Noachian. All investigations agree on the pure extensional character of the structure as a whole, an assumption that will be discussed in this work.
[7] The most exhaustive geometrical analysis of Tempe Rift is that of Hauber and Kronberg [2001] . The Tempe Rift structure shows a roughly triangular shape, elongate in an average N45°-50°E trend (Figures 1 and 2) . The rift width varies between less than 60 km at its NE vertex to more than 300 km at its SW end. Hauber and Kronberg [2001] described with some detail the internal complex pattern of graben and horsts, the geometry of sinuous and en échelon fault traces, fault terraces and rift basins, the location of master faults and rotated blocks, the presence of distinct volcanic edifices related to the structural evolution of the rift, and the regional and local topography according to MOLA data. They also discussed the influence of the preexisting fault patterns on the rift architecture and provided an estimation of the strain and amount of crustal extension associated with the rifting process. Hauber and Kronberg [2001] estimated strain values of 3.5-6.7% for the northeastern part of Tempe Rift, with apparently smaller values for the central segment (3 -4%). Golombek et al. [1996] obtained strain values of 2 -3% for extension of the entire Tempe Terra region. Wilkins et al. [2002] estimated strain rates in the range 10 À19 -10 À20 s À1 for the whole Tempe Terra, which parallels the slow deformation rates measured on terrestrial stable intraplate regions. A NW-SE extension direction has been assumed for Tempe Rift and the entire Tempe Fossae by the previous works [e.g., Mège and Masson, 1996b; Hauber and Kronberg, 2001; Wilkins et al., 2002] .
[8] Therefore the Tempe Rift is a large Martian structure, located at a persistently active tectonic region of the planet (northeastern Tharsis dome), from which there exists an excellent previous geological knowledge. These characteristics make Tempe Rift a very suitable place to perform a detailed structural analysis to characterize its fault population patterns and statistics.
Methodology
[9] A mosaic of Viking Context Images with a typical resolution of 231 m pixel À1 has been used for this structural study. The selected area approximately coincides with the Tempe Rift as defined by Kronberg [1999, 2001] , and it covers a surface of around 335,000 km 2 , elongate in a NE-SW trend and centered at coordinates (Figures 1 and 2 ). Hauber and Kronberg [2001] subdivided the Tempe Rift into three segments (northeastern, central and southwestern) according to their distinct morphological and structural characteristics. This division has been accepted and followed in our work (Figure 2 ). However, two zones have been distinguished here in the southwestern segment (A and B), due to the contrasted fault patterns exhibited at each zone, as explained below.
[10] Geological photointerpretation of the image mosaic allowed accurate drawing of fault trace maps in Mercator projection (Figures 2, 3 , and 4). All observed fractures have been recorded and the resulting maps have been analyzed on a Macintosh computer using the public domain NIH Image program (developed at the U.S. National Institutes of Health and available on the Internet at http://rsb.info.nih. gov/nih-image/). This software allows measurement of the xy coordinates of fault tips and it automatically computes the tip-to-tip fault trend and length (L), which are considered as fundamental parameters of fault characterization [e.g., Clifton et al., 2000] . The program also yields the coordinates of fault centroids ( Figure 5 , center of the fault ellipse projected onto the structural level of observation [Ackermann et al., 2001] ). Fault spacings (S) were measured manually along scanlines oriented normal to the dominant fault strike ( Figure 5 ) [e.g., Ackermann et al., 2001] . Mercator projection is conformal such that it maintains all the angular relationships. A spreadsheet was used for latitude correction of lengths and areas. Measurement problems mainly concern data truncation and censoring [Schultz and Fori, 1996; Ackermann et al., 2001] . Truncation is a sampling artifact that affects small faults whose maximum exposed length and displacement is below the resolution of the image. Conventional Viking images do not allow observation of linear features less than 1 km long [Schultz and Fori, 1996] , yet the resolution limit in our studied zone seems located at around 4 km. Other sampling artifacts are due to exposure characteristics and sampling area dimensions, which include curtailment (faults exceeding the measurement area) or other types of censoring and overprinting by crater impacts, volcanic or sedimentary formations. The selected area was oriented in NE-SW direction to minimize the effects of curtailment (Figure 2) . Moreover, the fault traces that became crosscut by the rather arbitrary segment boundaries were prolonged up to their visible length. Volcanic materials coeval to late with respect to faulting are only abundant in the southwestern-B segment and must be considered when interpreting that zone. Except for these problems, the slow rate of Martian erosion and deposition renders an almost intact faulted landscape that strongly recalls the images taken from results of scaled physical models. Apart from this, some truncation and curtailment bias is apparent in the fault statistics, a subject that will be discussed later in this work.
[11] MOLA information has been gathered to construct a series of transversal profiles across the Tempe Rift ( Figure 6 , profiles a to x) and two longitudinal profiles at selected places of the northeastern segment ( Figure 6 , profiles y and z). These profiles add valuable information on the threedimensional geometry of the Tempe Rift. MOLA data have also been used in combination with fault trace maps to obtain an estimation of fault displacements. The procedure is that explained by Wilkins et al. [2002] : maximum vertical 
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FERNÁ NDEZ AND ANGUITA: OBLIQUE RIFTING AT TEMPE FOSSAE, MARS relief determined along profiles normal to fault strike yield a minimum magnitude of fault throw. Fault displacement is considered as dip-slip, an assumption that holds even under oblique rifting, as shown later in this work. Fault dip is fixed at 60°, although a 10°variation has not resulted in appreciable changes [see also Wilkins et al., 2002] .
[12] Collected data have been analyzed using geometric, statistical and fractal methods. Geometry of faults and fault systems has been carefully studied by comparison with experimental analog models. Displacement-length scaling relations for faults on Tempe Rift have been represented in log-log plots of maximum displacement and length data [e.g., Cowie and Scholz, 1992] and the results are compared with previous determinations on Mars [Schultz et al., 2006] . Fault trends have been analyzed using fault azimuth histograms whose frequencies were weighted according to fault length [e.g., Tron and Brun, 1991; Bonini et al., 1997] , and fault length versus fault azimuth graphs [e.g., Clifton and Schlische, 2001] . Fault lengths were also represented in loglog or log-linear plots of cumulative frequency. The cumulative number of faults (N*) having lengths ! L has been normalized with respect to a reference area according to Schultz and Fori [1996] . Fault linkage of closely spaced en échelon fault segments has not been explicitly treated in this work [e.g., Wilkins et al., 2002] , such that only independent fault length populations have been considered here. The study of the spatial distribution of fault centroids followed the approach of Ackermann et al. [2001] based in turn on Cressie [1993] and Swan and Sandilands [1995] . This method compares the mean observed nearest neighbor distance between centroids (d(NN)) with that derived from a random distribution (d(ram)). The ratio d(NN)/d(ram) can be used as a nearest neighbor index (NNI) to evaluate deviation from uniformity of the spatial distribution of faults. Fractal analysis of fault trace maps was evaluated from a box-counting method. This method determines the number (n) of boxes of a given linear size necessary to cover the studied object. There is a vast amount of literature devoted to this topic, but for further details, see, e.g., Vignes-Adler et al. [1991] and Ackermann et al. [2001] . Fractal sets follow a power law box size-frequency distribution, where the exponent is -D (capacity dimension, which is a kind of fractal dimension). The analyzed areas did not extend beyond the mapped areas [Walsh and Watterson, 1993] . In fault patterns, D = 2.0 is indicative of homogeneity and D < 2.0 points to a more localized fault concentration [Cowie, 1998, and references therein] . Finally, comparison between the histograms of fault directions and the statistical data from the experimental models of Tron and Brun [1991] allowed a semi-quantitative estimation of the extension direction across the rift zone [see also Bonini et al., 1997; Dauteuil et al., 2001] . The experimental diagram of Tron and Brun [1991] plots the obliquity angle (angle between the extension direction and azimuth of the rift axis) against the fault azimuth centered on the rift axis trend. Shaded areas in this diagram mark the 
FERNÁ NDEZ AND ANGUITA: OBLIQUE RIFTING AT TEMPE FOSSAE, MARS most frequent orientation span of faults obtained in the experiments. Best fit between the main peaks and significant range of the histograms of fault directions at Tempe Rift and the shaded areas of the experimental diagram allows the optimal obliquity angle, thus the extension direction to be approximately determined.
Results
[13] Fault architecture of Tempe Rift is described here using two distinct approximations. First, a detailed qualitative analysis of the geometry of faults and fault systems in plan view and in profile is presented for each rift segment. And second, a statistical study is provided to better characterize the fault populations and to find relevant scaling properties. In this work, fault analysis involves determination of fault scaling relationships, which statistically describe the size and spatial patterns of fault populations [e.g., Cowie, 1998 ].
Fault and Fault System Geometry: Spatial Patterns of Faults
[14] The northeastern segment is characterized by a welldeveloped single rift valley that disappears to the north ( Figure 6 , profile a) against the dichotomy boundary [Hauber and Kronberg, 2001] . NW-dipping faults are located at the southeastern rift flank and show large throws, reaching more than 3,000 m ( Figure 6 , profile e), while SE-dipping faults (northwestern flank) reveal shorter displacements, showing the asymmetric geometry of the rift [Hauber and Kronberg, 2001 ]. An elongate, deep basin is observed in the rift center ( Figure 2 and Figure 6 , profiles c to e). In plan view, the most striking feature is the absence of any continuous rift-border fault system. The segmented and discontinuous geometry of fault systems leads to rather short lengths of individual faults that do not exceed 150 km. The southeastern master fault system is defined by two main fracture alignments, which show a branched and segmented internal geometry ( Figure 3a ). These fault sets are oriented parallel to the rift axis. Typical structures are right-stepping, en échelon faults with relay ramps between overlapping segments that inhibited the along-strike propagation of faults ( Figure 3a . Location of scanlines used to measure the average fault spacing at each segment of the Tempe Rift. The average spacing (S) was determined for each scanline, for instance, along the profile shown in the top left inset, and then all scanlines are averaged to obtain S avg (see main text and Table 1 ). The right inset illustrates an example of measurement of the xy coordinates of a fault centroid as the center of the best fit ellipse of a given fault. Reference map, Mercator projection.
show the same structural characteristics than the fault systems on the opposite side of the rift, with typical rightstepping, en échelon faults ( Figure 3a , point IV). Of particular interest is the northwestern border fault system, which shows a double alignment of en-échelon faults partly linked through an intricate pattern of relay ramps ( Figure 3a , point V). Fault polarity switching is also visible in some sites, in particular to the north of this area, where a prominent softlinked accommodation zone (in the sense of, e.g., McClay et al. [2002] ) sub-parallel to the rift axis can be observed et al. [2002] for more information). Low-relief accommodation zones show opposite-polarity faults that rotate into parallelism with the accommodation zone. High-relief accommodation zones are composed of interlocking opposite-polarity fault arrays. According to these definitions, the accommodation zone at point VI of Figure 3a , which marks the northeastern termination of the deep central basin, corresponds to a right-stepping, lowrelief oblique accommodation zone, with curved and interlocking extensional fault tips. The central and southwestern part of profile z ( Figure 6 ) strikes parallel to the central basin and it crosses some faults and volcanic constructs. The oblique accommodation zone appears in this profile as a prominent, stepped slope (marked with an arrow) defined by several small faults. To the north of this accommodation zone, faults display two distinct trends, one sub-parallel to the rift axis ($N50°E), and the other with $N10°E trending, oblique intra-rift faults ( Figure 3a , point VII). Structural differences between the areas to the north (profiles a and b) and south (profiles c to e) of the accommodation zone are clearly marked in the topography ( Figure 6 ). As stated before, small volcanic constructs appear dispersed along this northeastern segment. The most important volcanic edifices are aligned and located in geographical association with the northwestern fault alignment (Figure 3a , points VIII and IX), which suggests a tectonic control on volcanism, already proposed by Hauber and Kronberg [2001] .
[15] At the southern end of this northeastern segment, its transition with the central segment is rather sharp (Figures 2  and 3 ; also compare profiles e and f of Figure 6 ). The main faults limiting the central basin of the northeastern segment branch southward, reducing their relative throws and giving place to a complex, compartmented basin ( Figure 3b , point I, and Figure 6 , profiles f and g). The resulting small sub-basins align oblique with the large northern basin and with the rift axis. The other NW-and SE-dipping faults of the northeastern segment experience similar changes toward the central segment. The only structure that keeps its structural continuity and geometrical characteristics is the northwestern fault alignment, which shows a curvilinear trace (Figure 3b, point II) . This explains the change in the location of the master fault system that passes to the northwestern rift border at this central segment, a feature already observed by Hauber and Kronberg [2001] . There is no evidence of any structure that could have acted as transfer fault (hard-linked accommodation zone) in the boundary between the northeastern and central segments. The structural architecture of this boundary, with presence of branching and curvilinear fault sets, can be tentatively described as a soft-link, low-relief accommodation zone (see definitions above in this section).
[16] As a whole, the central segment shows a larger fault density than the northeastern one (compare Figures 3a and  3b) . Lengths of individual fault segments do not exceed 100 km, a value that coincides with the mean rift width at this zone [Hauber and Kronberg, 2001] . No predominant central basin can be observed. Instead, conjugate systems of short right-stepping, en échelon faults, and abundant fault polarity switching, give place to small rhomboidal horsts and graben (Figure 3b , point III). Particularly interesting is the volcanic region located at the southern part of this central segment (Figure 3b , point IV). Hauber and Kronberg [2001] noted the early to synrift age of the volcanic activity in this area. A striking change in fault pattern takes place at this volcanic center. The northwestern master fault system appears branched and displaced (Figure 3b , point V) but it shows no apparent curvature. Other fault systems show interlocking of oppositely dipping fault tips (Figure 3b , point VI). Profiles i and j (Figure 6) show the presence of a few deep graben (arrows in the profiles), which contrasts with the more compartmented geometry observed to the north of the volcanic zone (profiles g and h). Hauber and Kronberg [2001] explained this change in the internal structure of the rift as due to a possible transfer zone (hard-linked accommodation zone), of which the small N70°W trending faults observed in this area could represent isolated fragments or associated faults ( Figure 3b , point VII). However, the available images do not allow recognizing a clear strike-slip or oblique-slip major transfer fault. The described geometrical features (interlocking of oppositely dipping, straight fault sets) point rather to a soft-linked, high-relief accommodation zone, which is therefore the interpretation favored here.
[17] The fault pattern at the northeastern half of the southwestern-A segment shows similar characteristics with respect to that at the central segment, of which it seems merely a southern prolongation ( Figure 6 , compare profiles j and k). Therefore en échelon fault systems, small soft-linked accommodation zones and rhomboidal graben and horsts are common in this area (Figure 4a, point I) . What distinguishes this segment from the central segment is the presence at its western half of a huge sigmoid, an S-shaped rift-border fault system (Figure 4a, point II) . The alongstrike length of this structure exceeds 200 km and it shows a maximum width of around 30 km. It shows a complex internal structure with a central horst ( Figure 6 , profiles m and o; the arrows mark the horst). Faults that limit the main sigmoid system are long, curved and almost continuous, although local stepped and tortuous traces suggest fault segmentation. Faults at the northern tip of this sigmoid system smoothly link with the NE-SW trending faults typical of the northeastern part of this segment. At its central part, where the sigmoid system trends approximately N-S, it interrupts the trace of the NE-SW trending faults, although these faults merely fade out before encountering the sigmoid system, and no clear crosscut relationship among them can be observed (Figure 4a, point III) . Small N-S oriented graben can be observed in this zone (point III). The sigmoid fault system branches southward into a rightstepped pattern of curved graben and horsts (Figure 4a , point IV) that give place without continuity solution to the fault systems of southwestern-B segment ( Figure 6 , profile p). On the other side, a deep, straight, symmetric NE-SW graben outlines the eastern boundary of this segment ( Figure 6 , marked with an asterisk in profiles l, n, o, and q). As a whole, the southwestern-A segment exhibits a width similar to that of the central segment, a feature that drastically changes toward the southwestern-B segment.
[18] Fault systems are partly covered by volcanic materials at the southern tip of the southwestern-A segment. At least three major volcanic centers can be observed in this zone (Figure 4a , point V, and Figure 4b , point I), which were active syn-to postrift as shown by Hauber and Kronberg [2001] . The fault systems at the southwestern-B segment diverge embracing the area covered by the volcanic materials (with center near point I of Figure 4b ), although the southeastern part of this curved pattern appears somewhat effaced (Figure 4b, point II) . A prominent graben can be observed embracing the volcanic area at the north of this segment ( Figure 6 , arrows in profiles r and s). This geometry has been described as a ring-like fracture pattern and compared to Alba Patera and Venusian coronae by Watters and Janes [1995] . Apart from this feature, faults in the southwestern-B segment are mostly straight, and en échelon systems are scarcely seen, albeit not completely absent (Figure 4b, point III) . Similarly, along-strike faults variations and rhomboidal basins are rare but present (Figure 4b, point IV) . The southern half of the segment can be best described as a system of parallel, N40°-50°E trending graben spanning rather homogeneously the entire rift width (more than 300 km, see also Hauber and Kronberg [2001] ). Individual graben are narrow (<5 km) ( Figure 6 , profiles t to x) and short (<100 km). The main topographic feature of this area is a large plateau (Figure 6 , profile x) standing out more than 500 m over its surrounding plains. Both the northwest and southeast boundaries of the plateau are sharp and marked by faults (arrows in profile x). Systems of crosscutting and apparently younger NW-SE, ENE-WSW and N-S fractures become predominant to the south and outside the mapped area. This feature and the presence there of recent Tharsis lavas covering the old rift justify the location of the southern limit of this study.
Fault Scaling Relationships
[19] Plots of maximum fault displacement against fault length are represented in Figure 7 . Contouring of point density reveals interesting characteristics of the measured data. Maximum density areas are elongate and sub-parallel to the lines of constant ratio of maximum displacement to length (oblique, dashed lines at Figure 7) , evidencing that the displacement-length relationship is linear, a feature already observed on Earth and Mars [Cowie and Scholz, 1992; Schultz et al., 2006] . Approximate values of the maximum displacement-length ratio (g) can be given from the location of the high-density areas in the diagrams, and they vary from near 10 À2 (central and southwestern-A segments, Figures 7b and 7c) , to around 6 -7 Â 10 À3 (northeastern and southwestern-B segments, Figures 7a  and 7d) . A secondary maximum can be observed in the northeastern segment with a g value of 3 -4 Â 10 À2 . Statistic determination of the g value is not significant due to the large scatter of data, which yields low correlation coefficients. Comparison of the maximum displacementlength data from Earth and Mars (Figure 8) shows that Martian normal faults exhibit lower g values and hence smaller values of displacement than terrestrial faults. Interpretation of these features will be given in the discussion section.
[20] Histograms and polar diagrams of fault azimuths are markedly skewed (Figure 9 ). The asymmetry of azimuth frequency diagrams is larger for the central and southwestern-A segments, while the histogram of the southwestern-B segment is more symmetric. In absence of a well-defined axial valley along most of the Tempe Rift, the rift axis has been determined as an ideal line trending parallel to the long axis of the elongate zone defined by the concentration of faults and graben at each segment (Figure 2) . Fault azimuth representations are unimodal, with the main peak slightly rotated counterclockwise with respect to the rift axis at each segment. Again, this obliquity attains a maximum at the central and southwestern-A segments, and it is minimum at the southwestern-B segment (Figure 9 ). Length versus azimuth diagrams (Figure 10) show that rift axis sub-parallel faults are short at the central and southwestern-A segments (open squares, Figures 10b and 10c) , and that the largest faults generally coincide with the most frequent fault trends, systematically located to the west of the rift axis (gray squares, Figures 10b and 10c) . Instead, long faults are mostly subparallel to the rift axis at the northeastern and southwestern-B segments (open squares, Figures 10a and 10d) , albeit a tendency of a few long faults to strike counterclockwise to the rift axis is also observable (gray squares, Figures 10a and  10d) . At the northeastern segment, the long faults sub-parallel to the rift axis coincide with those defining the deep central basin. The southwestern-B segment shows a symmetric arrangement of points (the axis of symmetry is only slightly rotated counterclockwise with respect to the rift axis; Figure  10d ), which contrasts with the other zones that exhibit lowpopulated zones or even gaps (i.e., complete absence of faults bearing those azimuths) to the east of the rift axis (Figures 10a  to 10c) .
[21] A summary of fault scaling results (apart from g values) is presented in Table 1 . Fault lengths and spacing recorded in Table 1 have been rounded to the nearest integer number in agreement with the average resolution of the images. The average observed fault length (L avg , arithmetic mean of fault lengths at each segment) and the maximum observed fault length (L max ) attain maximum values at the southwestern-A segment (17 km), which is the segment with the longest faults in the Tempe Rift. High L max values are also observed at the northeastern segment that shows, in contrast, the shortest L avg value. This signifies that the northeastern segment is dominated by short faults. Similar results are obtained with the L 95 parameter that is the 95th percentile of the fault lengths. However, the L 95 value of the northeastern segment is the largest, which evidences the presence here of a significant group of long faults (those limiting the large central graben), which are even more abundant than at the southwestern-A segment. The influence of many short faults strongly reduces the L avg value of the northeastern segment, as mentioned before. The other two segments exhibit intermediate average fault lengths and small L max and L 95 values, indicating less dispersed faultlength distributions and the absence of long faults. The southwestern-B segment shows the greatest values of SL (the sum of the lengths of all faults at each segment) and SL/area, i.e., more than 13,000 km and around 0.11 km per km 2 , respectively, which indicates that this segment has the E09007 FERNÁ NDEZ AND ANGUITA: OBLIQUE RIFTING AT TEMPE FOSSAE, MARS Figure 7 . Log-log plots of fault maximum displacement against fault length (L). The oblique, dashed lines represent distinct values of the ratio displacement/length (g). Contours of point density have been generated following standard techniques in structural geology widely used for contouring spherical orientation data [e.g., Robin and Jowett, 1986] . The size of the counting areas is indicated by the small white square located at the bottom right corner of each diagram. No is the number of measured faults. densest fault concentration of the Tempe Rift. By contrast, the northeastern segment shows the smallest values of these parameters. Therefore fault density progressively decreases from southwest to northeast.
[22] Correlation coefficients suggest that cumulative sizefrequency distribution of fault lengths is better described by an exponential than by a power law relationship at the four studied segments (Figure 11 and Table 1 ). The straight loglinear size-frequency plots (Figure 11a ) contrast with the curved central part of the log-log size-frequency plots (Figure 11b ), which suggests that the fault-length distributions are not well described by power law functions. Curtailment, overprinting and truncation are probably present at Figure 11b , but they are not responsible for the central curved part of the log-log plots. Parametric (c 2 ) and nonparametric (Kolmogorov-Smirov) goodness-of-fit tests have been applied (Table 1) . Fit to an exponential function cannot be rejected at any zone (significance level, 0.05). Fit to a power law relationship is rejected at this significance level for fault populations at the central and southwestern-B segments. The tests did not yield rejection to power law functions for the faults of the northeastern and southwestern-A segments, but the calculated test statistics are near the rejection critical values. Although not shown on Table 1 , goodness-of-fit to normal and log-normal distributions has been checked and rejected at the same significance level.
[23] Average fault spacing (S avg ) progressively decreases from northeast to southwest (Table 1) . The average standard deviation of fault spacing also decreases in the same direction indicating that fault spacing becomes more regular. The slight increase of the standard deviation at the southwestern-B segment is due to the presence of syn-and postrift volcanic materials. The calculated nearest neighbor index (NNI) that measures the spatial distribution of fault centroids has similar values at the four studied segments (Table 1) . These values are well below 2 (uniformity) and even 1 (randomness), but are larger than 0 (clustered point pattern). In fact, rejection of randomness has been verified with a two-tailed Z-test, whose statistics are shown in Table 1 , while the critical value is of -1.96 (level of significance, 0.05). As long as the statistics are well within the rejection region, the randomness hypothesis is rejected in all the studied zones.
[24] Use of the box-counting method to assess the fault map patterns suggests that the maps of the four studied segments are fractal (Figure 12 ). Correlation coefficients are larger than 0.998 (Table 1) . The capacity or fractal dimension ranges from 1.55 (northeastern segment) to 1.7 (southwestern-A segment), which can be interpreted as the result of inhomogeneous, localized deformation [Cowie, 1998] .
[25] Histograms of fault azimuths have been compared with the experimental data of Tron and Brun [1991] to Figure 8 . Log-log plot of fault maximum displacement against fault length for normal faults from Earth and Tempe Terra (data from Schlische et al. [1996] , Wilkins et al. [2002] , and Hauber and Kronberg [2005] ). Compilation of long (>10 km) terrestrial strike-slip and thrust faults by Cowie and Scholz [1992] . Representative data from this work are plotted as the high-density areas enclosed by the 9% (Northeastern segment) and 8% (rest of segments) contour curves (see Figure 7) . Thin, dashed straight lines represent the ratio displacement/length (g). The thick, dashed line corresponds to the calculated displacement/length scaling relation for Mars basaltic rocks according to Schultz et al. [2006] . obtain the approximate location of the extension direction across the distinct segments of the Tempe Rift. Results indicate ( Figure 13 and Table 1 ) that the angle between the rift axis and the extension direction (a) could have varied from 50°-60°(southwestern-A segment) to 66°-88°(southwestern-B segment).
Discussion

Oblique Rifting at the Tempe Rift
[26] Analog models of extensional fault systems [e.g., Whithjack and Jamison, 1986; Tron and Brun, 1991; Keep and McClay, 1997; Clifton et al., 2000; McClay et al., 2001; Schlische et al., 2002] have considerably improved our understanding of the tectonic evolution of rifts and extensional zones on Earth (e.g., the Gulf of Aden Rift [Dauteuil et al., 2001] , the Ethiopian Rift [Bonini et al., 1997] , or the Reykjanes Peninsula [Clifton and Schlische, 2003] ). Numerical, analytical and analog models, and field studies have evidenced that orthogonal and oblique extensions generate quite distinct fault architectures. Further complications include successive orthogonal and oblique extensional episodes (orthogonal to oblique or vice versa) that have been also studied with experimental models [Bonini et al., 1997; Keep and McClay, 1997] . Unfortunately, no attempt has been made in the Martian exploration to date to obtain structural insights from available scaled physical models. Oblique rifts present the following diagnostic characteristics with respect to orthogonal rifts [Whithjack and Jamison, 1986; Tron and Brun, 1991; McClay et al., 2001] : Segmented and en échelon rift border faults parallel to the rift axis, intra-rift fault domains oblique to the rift axis, important structural variation along-axis including fault polarity switching and rhomboidal sub-basins and horst blocks, presence of relay ramps and accommodation zones inhibiting the along-strike propagation of internal faults, frequent curved and sigmoid faults. As described in previous sections, all these elements are present at the Tempe Rift, thus suggesting that it can be considered as an example of extraterrestrial oblique rift. This is particularly obvious for the central and southwestern-A segments, whose fault patterns (Figures 3 and 4) are strikingly similar to those visible in the oblique-rifting experiments of McClay et al. [2001, 2002] , Clifton and Schlische [2001] , and Schlische et al. [2002] . The northeastern segment shows fault patterns also representing oblique rifting, although the presence of some long sub-parallel faults limiting deep graben seems indicative of low obliquity angles. Instead, the fault pattern at the southwestern-B segment is more similar to those obtained from models of orthogonal rifting. [27] Additional evidence of oblique rifting comes from the analysis of fault azimuth diagrams (Figures 9 and 10) . Experimental results and field-based observations have clearly shown that orthogonal rifting generates symmetric diagrams and that their main peaks parallelize the rift axis. Instead, the strike of the faults is oblique to the strike of the rift axis and histograms are asymmetric under oblique rifting [e.g., Tron and Brun, 1991; Schlische et al., 2002] . This is precisely the case for at least three of the studied segments (Figure 9) , and only the southwestern-B segment shows diagrams of fault azimuths that can be explained by high-angle oblique or even orthogonal extension. The assertion by Tron and Brun [1991] that faults are never normal to the displacement direction in oblique extension was confirmed by Clifton and Schlische [2001] and later observed by Clifton and Schlische [2003] at the Reykjanes Peninsula. Comparison with the experimental results of Tron and Brun [1991] yields obliquity angles (a) clearly indicative of oblique extension, in particular for the southwestern-A segment, where a could be as low as 50°. Although most of the Tempe Rift would have been subjected to oblique rifting, the southwestern-B segment shows the lowest obliquity values (a approaching 88°). Interestingly, the ring-like fractures associated with the large volcano at the north of this segment do not modify the general fault pattern. Transition from orthogonal to oblique extension has been described at the Kenya Rift [see, e.g., McClay et al., 2001] , which was compared with the Tempe Rift by Hauber and Kronberg [2001] . Projection of the normal to the extension direction at the polar diagrams of fault azimuths (Figure 14) indicates that the modal peak of fault trends is located between that direction and the rift axis, in close coincidence with that observed in experiments and terrestrial cases of oblique rifting [e.g., Schlische et al., 2002; Clifton and Schlische, 2003] .
[28] In summary, our data unequivocally support oblique extension at the Tempe Rift. This oblique extension could have taken place late during the Noachian, as suggested by Hauber and Kronberg [2001] according to the estimated age of the volcanic constructs of the southwestern-B segment (3.51 Ga). Location of volcanic edifices at some particular structural sites of the obliquely rifted zone, as soft-linked accommodation zones, is an evidence of the sharp association between tectonic and magmatic activities, which attests the crustal-scale importance of this rifting process. The large-scale strike-slip component of displacement should have been sinistral at the four studied segments (Figure 14) . Contrary to intuition, analog experiments have 
L is fault length; L avg and L max are the average and maximum fault length, respectively; SL is the sum of the lengths of all faults at each segment; L 95 is the 95th percentile of the fault lengths, and N o is the number of measured faults; R 2 is the correlation coefficient for the exponential or power law distribution of the cumulative frequency of fault lengths; L c is the characteristic length or average fault length assuming exponential distribution; c 2 goodness-of-fit test and Kolmogorov-Smirnov goodness-of-fit test (significance level, 0.05) to exponential and power law functions: fit is rejected when the statistic exceeds the critical value (between parentheses); S avg is the average fault spacing, and the standard deviation is also expressed; d(NN) is the nearest neighbor distance of fault centroids, and d(ram) is the nearest neighbor distance based on a random distribution; NNI is the nearest neighbor index, equal to d(NN)/d(ram); Z test is the statistic of a standard Z two-tailed test devised to analyze the randomness of fault centroids, rejection of randomness is expected when the statistic value exceeds the critical value (À1.96 at 0.05 as level of significance); fractal analysis of fault maps includes the fractal dimension (D) and the correlation coefficient (R 2 ) of the box-counting straight line (equation is shown); a is the estimated angle between the extension direction and the rift axis.
proved that faults generated and displaced under oblique extension are pure dip-slip, normal faults [e.g., Clifton et al., 2000] . Strike-slip or oblique faults are only observed under very low a values (<30°). Therefore the previous observations and strain measurement at Tempe Rift assuming dipslip fault displacements are probably well founded and they not contradict the results of this work. Nevertheless, oblique extension regimes involve generation of several distinct coeval fault trends, a feature profusely described in this work for the Tempe Rift. Under oblique rifting, the presence of two or more coeval fault sets differing in their average trends do not necessarily indicate distinct episodes of regional extension [Schlische et al., 2002] . The lack of evidences for clear crosscutting relationships at our studied zones (Figures 3 and 4) can be interpreted as due to the essentially contemporary nature of these distinct fault sys- 
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FERNÁ NDEZ AND ANGUITA: OBLIQUE RIFTING AT TEMPE FOSSAE, MARS tems. A corollary of this is that some of the tectonic evolution models based on supposedly distinct and successive fault sets differing in their trend could be tentatively reinterpreted in Tempe Terra as perhaps in the rest of the planet. Future high-resolution data can help to check fault crosscut relationships.
[29] On Earth, oblique rifting is probably the rule rather than the exception [Schlische et al., 2002] . This is due, among other causes, to the presence of previous faults acting as structural inheritances of an older deformation phase [Keep and McClay, 1997] . Reactivation of preexisting structures impressed in the Tempe Fossae crust was already suggested by Hauber and Kronberg [2001] to explain the geometrical characteristics of the Tempe Rift. This is an additional evidence of the long and changing structural evolution of the Tharsis region during the Noachian [Mège and Masson, 1996a; Anguita et al., 2006] . Spatial variation in the estimated extension direction (Figure 14) could be due to a deformation field with curved trajectories. However, the data presented in this work rather favor local deviations of the principal deformation axes around crustalscale major fractures or fractured zones. This feature is particularly evident at the southwestern-A zone, where an anticlockwise rotation of the rift axis is observed, and large sigmoid faults have been generated.
Implications of the Fault Scaling Relationships at the Tempe Rift
[30] Diagrams of maximum fault displacement against fault length (Figure 7) show a significant scatter that, in some cases, can attain more than two orders of faultdisplacement magnitude (e.g., Figure 7a ). This scatter is larger than that observed by Wilkins et al. [2002] at the entire Tempe Terra (around one order of fault-displacement magnitude). Cowie and Scholz [1992] discussed the main sources of scatter in these types of data. A characteristic feature of faults at the Tempe Rift, profusely described in this work, is its segmented geometry and en échelon arrangement. Peacock and Sanderson [1991] showed that the proximity of neighboring faults increases the displacement/length ratios determined for each individual segment. Most of the scatter observed in Figure 7 could be due to the fundamentally segmented nature of fault systems at the Tempe Rift. The large scale of the fault trace maps used by Wilkins et al. [2002] does not allow recognizing such detailed geometries, therefore reducing the influence of this scatter source. Apart from this, the more populated zones of the displacement/length diagrams for the Tempe Rift (density contours in Figure 7) show an acceptable agreement with the previous data from Tempe Terra [Wilkins et al., 2002] and with the theoretical scaling relations calculated by Schulz et al. [2006] for Mars basaltic rock masses (thick dashed line in Figure 8 ). Comparison with data from terrestrial normal faults (Figure 8) suggests that displacement/length ratios for Martian normal faults are shifted to smaller values of displacement, apart from the scatter associated with fault geometry, which confirms the results of Schultz et al. [2006] . This feature is mainly a consequence of the distinct planetary gravities [Schulz et al., 2006] . As a note of caution, it must be indicated that the displacement/length ratio seems to be affected by isostatic forces on Earth, which can largely modify and even destroy the correlation between displacement and length for normal faults tens of kilometers long [Cowie and Scholz, 1992] . Most of the faults measured at the Tempe Rift are more than 10 km long ( Figure 7 ) and therefore it has not been possible to compare terrestrial and Martian normal faults spanning the same length intervals. Future high-resolution images of Mars should be used to obtain detailed displacement/length ratios of small normal faults, with lengths shorter than a few kilometers. Comparison with large terrestrial strike-slip and thrust faults that do not show the isostatic influence also reveals the smaller displacement/length ratio of the Martian faults (Figure 8) .
[31] Analog experiments [Clifton et al., 2000; Ackermann et al., 2001] have shown that fault scaling relationships depend on three main parameters: the obliquity angle (a), the deformation intensity, and the thickness of the mechanical layer (t m ). The mechanical layer represents the rock body containing the faults and, for regional-scale studies its thickness is comparable to the seismogenic thickness [Scholz and Contreras, 1998 ]. Experimental results indicate that the average fault spacing, the fractal dimension, and the average and maximum fault lengths increase with a [Clifton Figure 14 . Tectonic sketch of Tempe Rift showing the fault map (Mercator projection), the estimated extension direction at each segment (including confidence intervals and polar diagrams with the location of the rift axis and the normal to the extension direction), and the location of some relevant structural and volcanic features, such as accommodation zones, sigmoid fault systems, and volcanic constructs. The estimation of the obliquity angle (a) is represented in Figure 13 .
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FERNÁ NDEZ AND ANGUITA: OBLIQUE RIFTING AT TEMPE FOSSAE, MARS et al., 2000] . In turn, the average and maximum observed fault lengths, sum of fault lengths, regularity of fault spacing, and fractal dimension increase with extension, while fault spacing decreases with extension [Ackermann et al., 2001] . The fractal dimension also increases with t m , but the length parameters and the average spacing decrease with t m [Ackermann et al., 2001] .
[32] It is not easy to interpret the data on Table 1 according to these experimental results. The available data do not suggest a significant change of strain values along the Tempe Rift [Hauber and Kronberg, 2001] . However, new detailed, segment-by-segment determinations are necessary. The southwestern-A segment, probably rifted under the lowest a angle, shows the largest length parameters and fractal dimension. This is contrary to what it is expected from the experimental data unless high extension or low t m values overwhelmed the effects of a. The small fault spacing at the southwestern-B segment can only be explained with a high extension value and/or high t m . Therefore it is here believed that data of Tempe Terra are reflecting a complex interplay between the deformation intensity, a and t m , with the crustal thickness playing the dominant role through a net increase in t m from northeast to southwest along the rift. A thicker mechanical crust at the southwest of Tempe Rift could explain the more distributed fault pattern (see Schlische et al. [2002] for a definition of distributed normal faulting) and the greater width of the rift zone there. An increase in crustal thickness from Tempe Fossae toward the center of Tharsis [Banerdt and Golombek, 2000] agrees with these observations.
[33] Although fit to power law functions cannot be completely excluded on statistical grounds for segments northeastern and southwestern-A, the fault-length distributions of Tempe Rift are best described by exponential functions. This is similar to the results obtained at midocean ridges on Earth [e.g., Cowie, 1998 ]. Exponential fault-length distributions have been explained due to either small width of the active zone or small thickness of the brittle crust that generates non-interacting faults spanning the mechanical layer [Cowie, 1998] . A number of independent criteria suggest localized deformation and weakly interacting faults at Tempe Rift, including the low values of the fractal dimension (D < 2) and the non-randomness of fault centroids, apart from the observed exponential cumulative size-frequency distribution of fault lengths. Wilkins and Schultz [2000] already considered the graben at Tempe Terra as not kinematically coherent (weakly interacting) based on the observed displacement deficit for fault arrays.
[34] Non-random and exponential fault populations are characteristics of the saturation stage of rift evolution described by Ackermann et al. [2001] . Large extension values are normally needed in the analog experiments to attain this mature stage. This contrasts with the low to moderate stretching estimated for Tempe Fossae by Hauber and Kronberg [2001] . Three explanations can be advanced to explain this apparent paradox. First, low values of thickness of the mechanical layer have been deduced at Tempe Rift in this work, which rends it more akin from a mechanical and structural point of view to the terrestrial oceanic crust. Second, the work of Schultz et al. [2006] shows that faults and fault systems of Mars must necessarily show smaller displacements than on Earth, due to differences in the planetary gravities. And third, the displacement component parallel to the rift axis has not yet been determined. It can be predicted that this component should moderately increase the estimated deformation value in at least the southwestern-A segment.
[35] Scaled experimental models allow us to analyze the inception and temporal evolution of deformation, and not only the final deformation state observed in Nature. Models are also used to simulate structural systems under different boundary conditions. Therefore they cast light on and give support to real world studies. Benefits of this comparison between experimental models and natural examples are particularly clear in the interpretation of terrestrial rift systems [e.g., Clifton et al., 2000; McClay et al., 2001; Schlische et al., 2002] . Although this work shows a successful application of the results of models of oblique rifting to the Tempe Rift, these models are in fact scaled according to terrestrial parameters. Further analog experiments are needed to simulate orthogonal and oblique extension of the Martian crust, that accurately reflect the gravity, crustal thickness and mechanical properties of Mars.
Tectonic Implications of the Oblique Rifting at the Tempe Rift
[36] The Tempe Rift is a part of a complex group of extensional structures that radiate outward from Tharsis [e.g., Plescia and Saunders, 1982] . The tectonic history of the Tempe Rift is intimately related to that of Tharsis, as shown by the NE-trending alignment of the Tempe Rift with the Tharsis Montes [Hauber and Kronberg, 2001] . Interestingly, the Tharsis Montes are a consequence of an Amazonian tectono-magmatic episode [e.g., Anderson et al., 2001] , considerably younger than the main event of oblique rifting at Tempe (>3.5 Gy). This attests the long-lived tectonic activity of some crustal-scale accidents that crosscut the entire Tharsis region, like the Tharsis Montes-Tempe Rift weakness zone (TTWZ). The analysis of the successive tectonic episodes that affected Tharsis [Plescia and Saunders, 1982; Anderson et al., 2001] clearly shows complex time-evolving stress fields [Mège and Masson, 1996b] and changing locations of the estimated centers of radial structures [Anderson et al., 2001] . Large old structures such as the TTWZ could have been reactivated during each new tectonic episode. Apart from rheological and mechanical factors, the relative orientation of previous structures with respect to the principal stress trajectories of the successive stress fields determines whether these structures can be potentially reactivated and, if that were the case, what would the kinematic pattern (orthogonal or oblique rifting, strike-slip displacement) be. Reactivation of the northern part of the TTWZ as a sinistral oblique rift occurred late in the Noachian. Similar detailed analyses of other zones surrounding Tharsis are necessary before a complete picture of this episode could be presented.
[37] As for Martian tectonic evolution, these results could indicate that mechanical models based exclusively on simple stress fields are insufficient to explain in detail Tharsis faults' architecture. It is increasingly clear that in order to reconstruct the history of a tectono-magmatic province more than 5,000 km wide we will need to piece together complex and evolving stress fields. Moreover, if Anguita et al. [2006] are right in their assumption of Earth-size mountain chains in Hesperian Mars, then huge tangential stresses are surely inescapable, and every revision of the geometry of Tharsis fractures could add to a new Martian tectonic landscape.
Conclusions
[38] A detailed analysis of the fault populations observed at the Tempe Rift on Mars shows that this extensional region was probably generated under oblique rifting, with a component of sinistral displacement. Values of the angle (a) between the extension direction and the rift axis vary from a minimum of 50°(southwestern-A segment) to a maximum of 88°(southwestern-B segment). By comparison with well-known terrestrial examples, structural inheritance and a long Noachian tectonic activity with time-changing deformation fields can explain this period of oblique extension. Observation of exponential fault length-frequency distributions of fault populations suggests that faults were weakly interacting at Tempe Rift. This fault scaling relationship makes the Noachian crust at Tempe more comparable to the oceanic than to the continental crust of our planet. Results of the fractal analysis of fault trace maps, with fractal dimension lower than 2, and the non-random spatial distribution of fault centroids are evidences of localized, inhomogeneous deformation. Most fault scaling relationships indicate that the thickness of the faulted mechanical layer was small and that it increased toward the southwest (i.e., toward Tharsis center), although the influence of deformation intensity, poorly constrained by now, must be taken into account.
[39] Fault crosscutting relationships observed at Mars should be revisited following the guidelines provided by the increasing amount of information available from oblique-extension tectonic scenarios. Although the available physical experiments are useful to interpret fault patterns at Mars, new models should be designed with the proper scaling relations. This could surely contribute to improve our understanding of the tectonic significance and evolution of intricate Noachian fault sets. It can be anticipated that a more rigorous, complex, lively and interesting tectonic description of the entire Tharsis region would emerge from these studies.
